Meiotic maturation of oocytes requires a variety of ATP-dependent reactions, such as germinal vesicle breakdown, spindle formation, and rearrangement of plasma membrane structure, which is required for fertilization. Mitochondria are accordingly expected be localized to subcellular sites of energy utilization. Although microtubule-dependent cellular traffic for mitochondria has been studied extensively in cultured neuronal (and some other somatic) cells, the molecular mechanism of their dynamics in mammalian oocytes at different stages of maturation remains obscure. The present work describes dynamic aspects of mitochondria in porcine oocytes at the germinal vesicle stage. After incubation of oocytes with MitoTracker Orange followed by centrifugation, mitochondria-enriched ooplasm was obtained using a glass needle and transferred into a recipient oocyte. The intracellular distribution of the fluorescent mitochondria was then observed over time using a laser scanning confocal microscopy equipped with an incubator. Kinetic analysis revealed that fluorescent mitochondria moved from central to subcortical areas of oocytes and were dispersed along plasma membranes. Such movement of mitochondria was inhibited by either cytochalasin B or cytochalasin D but not by colcemid, suggesting the involvement of microfilaments. This method of visualizing mitochondrial dynamics in live cells permits study of the pathophysiology of cytoskeleton-dependent intracellular traffic of mitochondria and associated energy metabolism during meiotic maturation of oocytes.
Introduction
Meiotic maturation of oocytes involves a variety of events: germinal vesicle breakdown (GVBD), chromosomal rearrangement, the formation of the spindle and polar body, and movement of cortical granules to the subcortical areas of plasma membranes that requires structural and functional rearrangements suitable for fertilization. Given that all these events require large amounts of energy, mitochondria are expected to be localized at sites of ATP consumption. The 1 All correspondence to: T. Yamochi. IVF Namba Clinic, 1-17-28 Minamihorie, Nishik-ku, Osaka, Japan. Tel: +81 6 6534 8824. Fax: +81 6 6534 8876. E-mail: Yamochi@ivfnamba.com 2 IVF Namba Clinic, 1-17-28 Minamihorie, Nishik-ku, Osaka, Japan. 3 HORAC Grand Front Osaka Clinic, 3-1 Ofukacho, Kita-ku, Osaka, Japan. intracellular localization of mitochondria in somatic cells changes markedly, depending on cell cycle and metabolic demand (Furuyama et al., 1997; Ricquier & Bouillaud, 2000; Lee et al., 2007; Hirokawa et al., 2010) . Mitochondrial dynamics and their relationships with motor proteins and the cytoskeleton in neuronal and other somatic cells have been well documented (Morris & Hollenbeck, 1995; Kim et al., 2007; Quintero et al., 2009; Hirokawa et al., 2010; Förtsch et al., 2011) . Failure of mitochondrial traffic in neurons leads to cell injury and death Lee et al., 2007; Hirokawa et al., 2010) . Knockout mice lacking kif5B, a member of the motor protein superfamily, displayed embryonic lethality caused by neuronal injury associated with perinuclear aggregation of lysosomes and mitochondria (Tanaka et al., 1998) . Both kif1B-knockout mice and mice expressing mutant kif1B showed perinatal lethality because of respiratory failure and peripheral neuropathy (Zhao et al., 2001; 518 Yamochi et al. Niwa et al., 2008) . These observations suggest the importance of the role of cytoskeleton and motor proteins in localizing mitochondria appropriately at sites of energy requirement.
Mammalian oocytes have larger cytoplasm volumes and numbers of mitochondria than somatic cells (Cotterill et al., 2013) . Mitochondrial distribution changes markedly during meiotic maturation of oocytes (Stojkovic et al., 2001; Sun et al., 2001; Wilding et al., 2001; Brevini et al, 2005; Liu et al., 2010; Yu et al., 2010; Ou et al., 2012) . Furthermore, Brevini et al. (2005) reported that mitochondrial localization at the metaphase II (MII) stage reflected the developmental competence of oocytes. However, the dynamic aspects of mitochondria and their relationship with the cytoskeleton in oocytes appear to differ from one species to another. Mitochondria in mouse oocytes are distributed preferentially around the perinuclear area and show aggregated structures at their GV stage. However, mitochondria disperse homogeneously throughout the cytoplasm with concomitant disappearance of the aggregated structure just after the occurrence of GVBD. Mitochondria in metaphase I (MI)-stage oocytes localize around the spindle and form large clusters (Yu et al., 2010) . In this context, Liu et al., (2010) reported that mitochondria were distributed around the subcortical area in GV-stage oocytes but disperse homogeneously throughout the cytoplasm at the MII stage. Microtubules, but not microfilaments, have been postulated to play a role in the mechanism of mitochondrial localization in mouse, pig, and human oocytes (Van Blerkom, 1991; Sun et al., 2001; Sun et al., 2001; Brevini et al., 2005; Calarco, 2005; Liu et al., 2010) . Yu et al. (2010) reported the relationship between subcortical microfilaments and mitochondrial aggregation in mouse oocytes. Duan et al. (2014) reported that ROCK-mediated assembly of actins underlies the mechanism of mitochondrial distribution around that spindle at the MI stage of mouse oocytes. Furthermore, microfilaments have been shown to play important roles in the dynamics of cortical granules (Connors et al., 1998) and in the positioning of the meiotic spindle in oocytes (Schuh & Ellenberg, 2008; Yi et al., 2011) . These observations suggest that the cytoskeleton-dependent cellular traffic of mitochondria and other organelles in maturing oocytes differs appreciably from one species to another. To evaluate the full scope of intracellular traffic of mitochondria and its relationship with the cytoskeleton in mammalian oocytes, we developed a novel method for analyzing mitochondrial dynamics in maturing oocytes. The present report describes the dynamic behaviour of fluorescencelabelled mitochondria injected into GV-stage porcine oocytes. Kinetic analysis using inhibitors of cytoskeleton revealed that mitochondria movement in porcine oocytes depends strongly on the microfilament network.
Materials and methods

Oocytes collection
Porcine ovaries were freshly obtained from prepubertal gilts at a local slaughterhouse and cumulusoocyte complexes (COCs) were obtained by aspiration of their follicles (3-6 mm in diameter) using a 21-gauge needle and a 10-ml syringe. COCs that had multiple layers of compacted cumulus cells were selected. COCs were suspended in 199 Hank's salt solution (Life Technologies, Carlsbad, CA, USA) containing 0.1% (w/v) hyaluronidase (Sigma Chemical Co., St Louis, MO, USA) for 10 min using a vortex to remove cumulus cells. Denuded oocytes were washed three times with culture medium for porcine oocytes (POM; Yoshioka et al., 2008) containing 0.02 AU ml −1 follicle stimulating hormone (Kyoritsuseiyak, Tokyo, Japan), 10 IU ml −1 human chorionic gonadotropin (Aska Pharmaceutical Co., Ltd, Tokyo, Japan), 25 mmol/l 2-mercaptoethanol (Sigma), 1 g ml −1 ␤-estradiol (Sigma), and 0.3% (w/v) bovine serum albumin (Sigma) and then cultured in the same medium at 38.5°C under 5% CO 2 , 5% O 2 , and 90% N 2 .
Mitochondria and endoplasmic reticulum
Mitochondria and endoplasmic reticulum (ER) in oocytes were stained with 10 M MitoTracker Orange CM-H2TMRos (MTO; Life Technologies) or 1 M ER Tracker Red (ERT; Life Technologies) at 37°C for 30 min. After washing three times with Hank's 199 medium, mitochondria-or ER-stained oocytes were observed under a laser scanning confocal microscope capable of time-lapse cinematography (CV1000, Yokogawa Electric, Tokyo, Japan). Some stained oocytes were used as donor cells for mitochondrial transfer or ER transfer. Mitochondria and ER were concentrated in cytoplasm of oocytes by centrifugation at 10,000 g and 37°C for 15 min as described by Ferreira et al. (2010) . After centrifugation, oocytes were transferred into a drop of 10 l 199 Hank's containing 5 g −1 cytochalasin B (Sigma); fluorescently labelled mitochondria were effectively concentrated in a heavy fraction of oocytes (Fig. 1) . Mitochondria-or ER-enriched ooplasm was aspirated into a micropipette and transferred into recipient oocytes in either their central or subcortical areas using a pair of micromanipulators (Narishige, Tokyo, Japan) on an inverted microscope (IX71; Olympus, Tokyo, Japan). 
Analysis by time-lapse cinematography
MitoTracker-or ER-stained oocytes and recipient oocytes injected with fluorescence-labelled mitochondria or ER were observed under a laser scanning confocal microscope capable of time-lapse cinematography. The oocytes were transferred to a drop of 5 l POM on a glass dish (MatTek Corporation, Ashland, MA, USA) and placed in an incubation chamber at 37°C under 90% N 2 , 5% CO 2 , and 5% O 2 . Fluorescence images of oocytes were obtained every 15 min for 15 h. To determine the possible involvement of the cytoskeleton in mitochondrial traffic, their dynamics in the presence of either, 0.1 g ml −1 colcemid (Life Technologies), 5 g ml −1 cytochalasin B, or 2.5 g ml −1 cytochalasin D (Sigma) were also analyzed. Mitochondrial dynamics in the recipient oocytes were analyzed qualitatively and quantitatively with ImageJ software. Relative area, length, and distribution of fluorescent mitochondria in recipient oocytes were calculated on the basis of their initial values at 0 h of culture. To quantitate mitochondrial movement, timedependent changes in the cytoplasmic areas occupied by fluorescence-labelled mitochondria injected either centrally or subcortically in oocytes were measured every 1 h (see Fig. 2 ).
Immunological staining of the cytoskeleton
After time-lapse analysis, microtubules and microfilaments in oocytes were visualized by specific staining. Oocytes were fixed for microtubule analysis as described by Albertini & Clark (1984) with minor modifications. To stain microtubules, oocytes were fixed in microtubule stabilization buffer (MTSB-XF) containing 0.1 M PIPES (Sigma), 5 mM MgCl 2 (Wako, Osaka, Japan), 2.5 mM EGTA (Sigma), 0.01% (v/v) aprotinin (Sigma), 1 mM dithiothreitol (Sigma), 50% (v/v) deuterium oxide (Sigma), 1 M paclitaxel (Sigma), 0.1% (v/v) Triton X-100 (Sigma), and 2% (v/v) formaldehyde (Sigma) at 4°C overnight. The fixed oocytes were blocked with phosphate-buffered saline (PBS) (-) containing 1% (w/v) bovine serum albumin (BSA) at 37°C for 1 h and then treated with Alexa 488-conjugated anti-␣-tubulin mouse antibody (Life Technologies) at 4°C for 1 h followed by washing and counterstaining with 10 g ml −1 Hoechst33342 (Dojindo, Kumamoto, Japan) at 25°C for 10 min. Immunostained oocytes were placed on a slide glass and mounted with a small drop of Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA) for analysis with a laser scanning confocal microscope. To stain microfilaments, oocytes were also fixed with 2% (v/v) paraformaldehyde (Wako) in PBS (−) at 4°C overnight. The fixed oocytes were permeabilized with 0.1% Triton X-100 (v/v) in PBS at 37°C for 45 min followed by the permeabilization step and then incubated in blocking solution containing 0.1 g ml −1 FITC-conjugated phalloidin (Sigma) at 37°C for 1 h. After repeated washing, oocytes were Figure 3 Dynamic aspects of fluorescence-labelled mitochondria injected in porcine oocytes. Fluorescence-labelled mitochondria were obtained from MitoTracker Orange (MTO)-stained oocytes and injected in recipient oocytes. Time-lapse cinematographic images were obtained from oocytes after injection of mitochondria in either the central (A) or subcortical area (B). Injected mitochondria moved from the central portion to the subcortical area. After accession of subcortical area, injected mitochondria showed isotropic movement along plasma membrane (A). Peripherally injected mitochondria moved topographically along plasma membranes (B). Note that mitochondrial fluorescence was detected preferentially along the subcortical area. Solid and dotted lines indicate plasma membranes and mitochondria-injected areas in recipient oocytes, respectively. Bar = 50 m.
counterstained with 10 g ml −1 Hoechst 33342 in blocking solution at 25°C for 10 min. Oocytes thus treated were transferred to a 5 l drop of PBS (−) on a glass dish and observed with a laser scanning confocal microscope.
Statistical analysis
The dynamics of fluorescence-labelled mitochondria in oocytes were analyzed by Tukey-Kramer test. A P-value less than 0.05 was considered statistically significant.
Results
Mitochondrial distribution and dynamics in porcine oocytes
To investigate the intracellular traffic of mitochondria, porcine oocytes were incubated with MitoTracker, and the dynamic aspect of fluorescence-labelled mitochondria was observed. Although fluorescencelabelled mitochondria distributed widely throughout the cytoplasm of oocytes, confocal microscopic analysis revealed that the fluorescence intensity was stronger in the subcortical area than in the central area (Fig. S1 ). To characterize mitochondrial dynamics in oocytes, the fluorescence-labelled mitochondria were injected into recipient cells. Time-lapse cinematographic analysis revealed that fluorescencelabelled mitochondria injected in central areas of oocytes moved towards the subcortical area close to plasma membranes. The injected mitochondria moved isotropically along plasma membranes after arriving to subcortical areas. When injected in the subcortical area, mitochondria preferentially moved laterally along plasma membranes (Fig. 3) . We also analyzed the relationship between the direction of movement of the centrally injected mitochondria and the position of GV nucleus. Our result showed that mitochondria moved towards the subcortical area of plasma membrane independently from the position of GV nucleus (Fig. 4) . Such movement and redistribution of the injected mitochondria were not observed with degenerated oocytes, irrespective of the site of injection (data not shown).
Kinetic analysis in the presence of inhibitors of the cytoskeleton
To examine the relationship between mitochondrial traffic and the cytoskeleton in porcine oocytes, we tested the effects of inhibitors of the cytoskeleton on the movement of mitochondria. The presence of colcemid, an inhibitor of microtubules, did not appreciably inhibit the movement and redistribution of fluorescence-labelled mitochondria injected in either the central or subcortical area (Fig. 5) . In contrast, the presence of either cytochalasin B or cytochalasin D, inhibitors of microfilaments, strongly inhibited the movement and redistribution of mitochondria, irrespective of the site of injection in oocytes (Fig. 6 and Fig. 7) .
Immunocytochemistry of the cytoskeleton in oocytes
To confirm the effects of inhibitors on the cytoskeleton, microtubules and microfilaments in mitochondriainjected oocytes were immunostained after treatment of cells with either colcemid, cytochalasin B, or cytochalasin D. Control oocytes showed typical networks of microtubules in their cytoplasm. Networks were strongly disrupted by treatment of oocytes with colcemid but not cytochalasin B and D. Oocytes showed typical networks of microfilaments predominantly in subcortical areas along plasma membranes. The networks were disrupted markedly by either cytochalasin B or D, but not by colcemid (Fig. 8) .
Quantitation of mitochondrial dynamics
To quantify the dynamics of the injected mitochondria, we measured time-dependent changes in the fluorescence-positive area or the length as described in Fig. 2 . During 15 h of culture, the area and the length occupied by fluorescence-labelled mitochondria increased time dependently irrespective of the sites of injection, by some mechanism that was strongly inhibited by either cytochalasin B or D, but not colcemid (Fig. 9) .
Dynamics of fluorescence-labelled ER injected in oocytes
To examine whether the observed movement was mitochondria specific or not, we also injected ooplasm enriched with fluorescence-labelled ER into recipient oocytes. Fluorescent ER dispersed across the broad of the cytoplasm of recipient oocytes at kickoff point of time-lapse imaging (15-30 min after injection). However, the fluorescence intensity of ER injected into recipient oocytes rapidly decreased with time and reached to below detectable levels 1 hr after the injection (Fig. 10) . 
Discussion
Mitochondrial dynamics in mammalian oocytes differ significantly from one species to another and depends on their meiotic stages, such as GV, MI, and MII. Because mammalian oocytes have large numbers of mitochondria, it is difficult in practice to obtain precise information on their dynamics. The present work describes a method of analyzing the time-dependent movement and distribution of mitochondria in the GV stage of porcine oocytes. The results clearly showed that porcine GV oocytes have at least two types of mitochondrial traffic; one mobilizing them from the central (perinuclear) to subcortical areas and the other dispersing them along the subcortical space of plasma membranes. To avoid possible injury to mitochondria during their isolation (Barritt et al., 2001) , we used mitochondria-enriched ooplasm obtained from MitoTracker-labelled oocytes as donor specimens, as described in the text. We also analyzed the dynamics of endogenously labelled mitochondria by directly injecting small volumes of high concentrations of MitoTracker into oocytes. However, the fluorescence intensity of MitoTracker accumulated in mitochondria rapidly decreased. Thus, long-term observation of their dynamics was difficult in practice. It should be noted that a mitochondrial membrane potential is required to retain the accumulated fluorescent dye in their matrix. Because MitoTracker was dissolved in high concentrations of DMSO, the amphipathic nature of the solvent and/or the fluorescent dye were expected to exert toxic effects on mitochondria. This could be the reason why the fluorescent dye that directly and locally accumulated in mitochondria rapidly disappeared in oocytes. An explanation of the mechanism by which the fluorescence intensity of endogenously labelled mitochondria decreased rapidly awaits further study.
Experiments using specific inhibitors for the cytoskeleton suggested that cytochalasin-sensitive microfilaments, but not colcemid-sensitive microtubules, play critical roles in the mitochondrial traffic in porcine GV oocytes. In this context, microtubules have been postulated to play important roles in mitochondrial traffic in neurons and other somatic cells (Furuyama et al., 1997; Ricquier & Bouillaud, 2000; Lee et al., 2007; Hirokawa et al., 2010) , and during meiotic maturation of mouse, pig and human oocytes (Van Blerkom, 1991; Sun et al., 2001; Calarco, 2005; Liu et al., 2010) . Van Blerkom (1991) reported that mitochondria localized evenly in the cytoplasm of early stage of mouse GV oocytes and then translocated to the chromosomal area during meiotic maturation of cells. Mitochondria that localized around subcortical areas moved to a central area of porcine oocyte during GVBD (Sun et al., 2001) . In contrast, mitochondria that localized homogeneously in extracortical areas of human oocytes dispersed within cells during meiotic maturation (Liu et al., 2010) . Furthermore, such translocations of mitochondria in porcine and human oocytes were suppressed by specific inhibitors of microtubules (Sun et al., 2001; Liu et al., 2010) . These results suggested that microtubules underlie the mechanisms for movement of mitochondria in the oocytes of these species. In contrast, microfilaments have been shown to play a role in mitochondrial movement and localization in budding yeasts, neurons and HeLa cells (Tanaka et al., 1998; Zhao et al., 2001; Boldogh & Pon, 2006; Lee et al., 2007; Quintero et al., 2009; Förtsch et al., 2011) . Furthermore, recent studies have also suggested the involvement of microfilaments in mitochondrial localization in mammalian oocytes (Yu et al., 2010; Duan et al., 2014) . Yu et al. (2010) reported that the cortical network of microfilaments plays an important role in the aggregation of mitochondria in mouse oocytes. Duan et al. (2014) reported that the assembly of actins mediated by Rho-associated coiled-coil forming kinase plays critical roles in mitochondrial localization around the spindle in mouse MI oocytes. Microfilaments localize widely in cytoplasm of mammalian oocytes but densely in the subcortical area of plasma membranes (Schuh & Ellenberg, 2008; Yi et al., 2011; Schuh, 2011) . Thus, microfilaments might also play critical roles in the cytochalasin-sensitive movement of mitochondria in porcine oocytes at the GV stage observed in the present work. In this context, Sun et al. (2001) reported that microfilaments were not involved in mitochondrial movement after GVBD of porcine oocytes. Calarco (2005) also failed to show the involvement of microfilaments in mitochondrial dynamics in mouse oocytes. These observations suggest that cytoskeletons involved in the movement of mitochondria might change dynamically at the stage of meiotic maturation of oocytes.
The present work shows that centrally injected mitochondria moved unidirectionally toward subcortical areas independent of the localization of nucleus and suggests the presence of vectorial transport of mitochondria within porcine oocytes. The present work also shows isotropic movement of mitochondria along plasma membranes after arriving at subcortical areas. However, the movement of mitochondria from subcortical to central areas was not apparent under our experimental conditions. Preliminary experiments using a transmission electron microscope revealed that mitochondria distributed homogeneously in the cytoplasm of porcine oocyte at GV stage (data not shown). Thus, mitochondria seem to have both anterograde (towards plasma membranes) and retrograde (centripetal) trafficking connecting central and subcortical areas in oocytes thereby allowing homogeneous distribution in cells. In this context, neurons have both anterograde and retrograde trafficking of mitochondria; the velocity of the two movement differed significantly (Hirokawa et al., 2010) . Thus, oocytes would also have both anterograde and retrograde traffics for mitochondria to support energy metabolism at different times and subcellular sites during meiotic maturation. It should be noted that anterograde and retrograde trafficking are driven by kinesin and dynein, respectively, on the railroads on cytoskeletons (Tanaka et al., 1998; Zhao et al., 2001 ). The present work shows that mitochondrial movement in oocytes was inhibited by cytochalasins B and D, specific inhibitors of microfilaments. Microfilaments play important roles as the scaffold for myosin family motor proteins (Seabra & Coudrier, 2004) . Mitochondrial traffic in neurons is driven not only by kinesin and dynein, but also by myosin (Tanaka et al., 1998; Zhao et al., 2001; Quintero et al., 2009; Förtsch et al., 2011) . Thus, myosins seem to underlie the mechanism of mitochondrial movement in porcine oocytes. Microfilaments have been shown to participate in cytoplasmic movement of mitochondria by interacting with actin-related protein 2/3 complex in oocytes (Yi et al., 2011; Li & Albertini, 2013) . Yi et al. (2011) reported that depolymerization of actin filaments abolished the cytoplasmic mobilization of mitochondria in MI oocytes. To clarify the mechanism for the 3D trafficking of mitochondria in large and non-polarized mammalian oocytes, their relationship with the cytoskeleton and motor proteins during their meiotic maturation should be studied further.
To examine whether the vectorial movement of the transferred mitochondria in oocytes was specific or not, we also injected ERT-labelled ER into oocytes and observed their movement in the cells. However, the rate of disappearance of the ER-associated fluorescence dye was fairly rapid. The stability of ERT in ER was significantly lower than that of MTO in mitochondria and, hence, it was difficult in practice to analyze the time-dependent movement of the injected ER in the recipient oocytes. Thus, the specificity of the observed movement of the fluorescence-labelled mitochondria that is specific for this organelle requires further study. The reason why the fluorescence intensity of ERT decreased quickly within the recipient oocytes remains unknown. Studies using other dyes that specifically accumulated in ER with prolonged duration than ERT, such as 1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate, are under our current investigation.
The method established in the present study permits examination of the pathophysiology of intracellular trafficking of mitochondria and other organelles in oocytes from patients with infertility. As mitochondria and oxidative stress have been postulated to underlie the pathogenesis of aging in a wide variety of cells including oocytes, the present method also permits studies on the mechanism by which chromosomal aberrations and other maturation failures are increased during meiotic maturation and aging of mammalian oocytes.
